The nervous system is made of billions of neurons that are interconnected with astonishing precision. How is genetic information decoded to wire this most complex of computing machines? By the end of the last century, the founder of modern neuroscience, Ramón y Cajal, had already proposed that the tips of the growing neuronal processes, which he called growth cones, made the navigational decisions required to specifically wire neuronal networks. Cajal also proposed that growth cones sampled their environment, guided in part by diffusible attractive factors.
But how do growth cones make sense of the multiple signals that they encounter at any given time? How is information evaluated, integrated, and translated into a specific steering and elongation decision? Because axonal growth cones are small, difficult to isolate, and so diverse, our understanding of how signals are transduced at the growth cone has been slow in coming. In this issue on page 1515, Song et al. now report an important milestone for this question. They demonstrate that attractive and repulsive guidance mechanisms are mechanistically related and switched from one to the other by cyclic nucleotide levels within the growth cone (2) .
Using an in vitro approach pioneered by Gundersen and Barrett (3), Poo's group produced gradients of diffusible agents such as membrane-permeable cylic adenosine 3′,5′-monophosphate (cAMP) analogs, the neurotransmitter acetylcholine, or the NGF relatives BDNF and NT3--all of which attract growth cones from embryonic frog spinal cord neurons (4). Poo and his co-workers went on to show that attraction by acetylcholine or BDNF, but not NT3, would switch to repulsion when cAMP concentrations in the growth cone were decreased or when cAMP-dependent protein kinase A was inhibited (5) . Around the same time, Tessier-Lavigne and his colleagues provided the first evidence for a chemotactic system that would actually guide axons in a developing embryo (6) . They showed that Netrin-1, produced by a group of cells at the base of the developing spinal cord (the floor plate), selectively attracts commissural axons to the floor plate, where they cross the midline and then turn in an anterior direction. Other populations of axons are repelled by Netrin-1 and navigate away from the midline, indicating that Netrin-1 can act as both an attractant or a repellant depending on the type of responding neurons (7). The two groups then teamed up to show that, as in the case of BDNF and acetylcholine, spinal cord neuron responses to Netrin-1 could be switched between attraction and repulsion by altering the cAMP system in the growth cone (8) . For both kinds of turning, ligand-mediated receptor activation and calcium influx were required.
These experiments showed that for molecules that usually cause attraction, growth cone attraction and repulsion can be linked mechanistically. But what about the guidance molecules that predominantly produce repulsion? The new study by Song et al. (2) demonstrates that repulsion induced by soluble fragments of the myelinassociated protein MAG is mechanistically related to attraction by BDNF, acetylcholine, or Netrin-1. In all cases calcium influx is required and growth cone cAMP induces attraction, whereas cAMP inhibition leads to repulsion. Inhibition by MAG may be one of the factors that inhibits nerve regeneration in the adult central nervous system, but the significance of this mechanism is presently not clear. In contrast, genetic experiments have clearly established that inhibition by collapsin-1/ semaphorin III/D (Sema III) is critical during the wiring of the nervous system. In vitro, repulsion by SemaIII was calcium-independent and could not be switched by cAMP. Instead, elevating growth cone cylic guanosine 3′,5′-monophosphate (cGMP) levels, the other key cyclic nucleotide second messenger, switched SemaIII guidance from repulsion to attraction. NT3-mediated attraction, which was not sensitive to calcium or cAMP, was also regulated by cGMP, with high levels again promoting Related Jobs from attraction and low levels switching the response to repulsion. Thus, guidance factors that induce attraction or repulsion feed onto common signal transduction machinery in the growth cone, and growth cone cyclic nucleotide levels act as switching or gating mechanisms (see figure) to determine the ultimate growth direction toward or away from the signal (2). Generally, elevation of cyclic nucleotide levels promotes attraction, whereas their lowering results in repulsion.
Turning the growth cone's head. Guidance molecules function predominantly as attractants or repulsants. They can be grouped according to shared signal transduction machinery in the growth cone. In each case, elevating cyclic nucleotide second messenger levels (cAMP or cGMP) produces attraction, and inhibiting cyclic nucleotide signaling leads to repulsion.
Do the new findings tell us how growth cones may make sense of the complex array of guidance information that they encounter on their journey to their targets? One important concept that emerges is that the actual steering response will depend on the local levels of general second messengers in the growth cone. This suggests that coincident information can be integrated and filtered by the cell, thus greatly expanding the repertoire of possible steering behaviors in response to a limited number of guidance cues. Cyclic nucleotide levels are subject to sophisticated temporal and spatial regulation, introducing ample potential for precision, and crosstalk among signal transduction pathways. Converging signaling mechanisms also simplify customized solutions to the problem of assessing relative signal strength and thus interpreting the same local environment in neuron type-and neuron statespecific manners. In this context it is interesting to note that spinal cord neurons that behave very differently in their natural environment in the embryo exhibited similar responses in vitro. Probably, the complex in vivo environment provides unique spatial compositions of guidance cues, thus eliciting context-related responses.
These results raise a number of issues for further study. One is the molecular nature of the effector mechanisms that mediate attraction or repulsion. Attractive candidates are the small G proteins (heterotrimeric GTP-binding proteins) cdc42, Rac, and Rho, which regulate actin cytoskeleton morphogenesis and growth cone activity (9) . RhoA can mediate growth cone collapse, is negatively regulated by cAMP, and may also mediate repulsion; cdc42 participates in chemotaxis and may also mediate attraction (10) . A further issue is whether receptor complexes rather than single-receptor proteins may mediate attractive and repulsive responses (11) . Finally, to what extent and how do the mechanisms described in these studies affect guidance in situ? The recent report that, after crossing the midline, commissural axons become insensitive to attraction by the floor plate is consistent with the possibility that attraction by Netrin-1 may be switched to repulsion in vivo (12) . In a similar scenario, guidance by guidepost cells may involve initial attraction, followed by repulsion to promote further navigation of the growth cone toward the next guidance cues. Direct experimental testing of these possibilities is needed. It will be particularly important to determine how growth cones handle complex sets of guidance clues, and how parallel systems that use cAMP and cGMP interact. By recruiting other signaling components, contact-mediated guidance may add significant complexity to the attractively simple mechanisms uncovered by these in vitro studies.
It seems a safe bet that these discoveries will promote significant further progress. Similar switch mechanisms may operate in synapse formation, nerve sprouting, and synaptic plasticity in the adult (13) . Clearly, however, the most exciting possibility raised by these findings is that the inhibitory signals that prevent nerve regeneration in the adult central nervous system could be attenuated by pharmacological ScienceCareers q Cell Biology q Structural Biology interventions that raise cyclic nucleotide levels in injured axons, thus promoting their regeneration.
